The electron transport properties of three-terminal carbon-nanotube junctions are investigated within the Landauer theory of quantum conductance. Using a realistic tight-binding Hamiltonian, we demonstrate that the experimentally observed rectifying behavior is not an intrinsic property of the junction, but rather of the contact geometry. When semiconducting nanotubes are connected to metallic leads, nontransmitting states are induced at the nanotube-metal interface, leading to asymmetric transmission curves and potentially rectifying behavior of the nanodevice.
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Carbon nanotubes have attracted much interest since their early discovery, 1 due to their peculiar electronic and geometrical properties. 2 More recently, the possibility of forming seamless junctions between different carbon nanotubes has stimulated much modeling and experimental research. Seamless nanotube connections are realized via the introduction of topological defects ͑i.e., pentagons and heptagons͒ in the otherwise perfectly hexagonal lattice, while keeping the threefold coordination of each atom. [3] [4] [5] Besides single or multiple connections between two different carbon nanotubes, [3] [4] [5] [6] the possibility of connecting three, 7, 8 four, 9 or more 10 nanotubes has increased the potential of these systems for use as active components in nanoscale electronic devices.
Three-terminal T-or Y-junctions have been observed in carbonaceous deposits formed during arc discharge growth as early as 1995. 11 A controlled growth of large amounts of Y-junctions has been made possible using nanostructured templates. 12 More recently, much work has been devoted to various methods of growing multiterminal systems, including three-terminal [13] [14] [15] [16] [17] [18] and up to five-terminal systems. 10 Another promising route to multiterminal nanotube systems is to directly connect individual carbon nanotubes using an electron beam welding technique. 9 This procedure has the unique advantage of allowing the formation of single-walled multiterminal junctions. Turning to theory, models of multiterminal systems were proposed soon after the discovery of carbon nanotubes. 7, 8 Their stability has been theoretically confirmed, 19 while their electronic and conductance properties were the focus of various studies. [19] [20] [21] [22] [23] [24] The key element that makes branched nanotube systems so potentially attractive has been experimentally demonstrated by Papadopoulous and coworkers, 25 who performed electronic transport measurements on multiwalled Y-junctions and showed that they behave as intrinsic nonlinear devices, displaying strong rectifying behavior at room temperature. This finding elevated the three-terminal carbonnanotube systems to the rank of the ultimate singlemolecule-based transistor.
In a series of papers, [21] [22] [23] Andriotis et al. theoretically investigated the electron transport properties of carbon nanotube Y-junctions. An almost perfect rectification behavior was calculated for semiconducting (n,0) symmetric systems coupled to metallic leads, independently of the angle between the branches of the junctions. In the present letter, we investigate the origin of the rectification and examine threeterminal junctions with and without metallic leads. Our results explicitly demonstrate the critical role played by the contacts in the rectification process, and show that a threeterminal geometry is not necessary for rectification.
The local density of states ͑LDOS͒ and coefficient of transmission are evaluated using a Green's function and transfer-matrix-based approach for computing transport in extended systems, 26, 27 generalized for multi-terminal transport. 28 The method is applicable to any general Hamiltonian that can be described within a localized-orbital basis. In the present work, a Slater-Koster tight-binding Hamiltonian is used.
Consider a system consisting of n terminals meeting at a branching region, referred hereafter as the ''conductor'' region. The current flowing from the ith to the jth terminal for a set of applied voltages ṽ ϭ͕V 1 ...V n ͖ is given by the Landauer formula
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and must be re-evaluated for each different set of applied bias ṽ . The coupling ⌫ i between the conductor and the ith lead is expressed as a function of the advanced (a) and retarded (r) self-energies terms of the semi-infinite leads ⌺ i a,r :
while the conductor Green's function G C is obtained from
where ϭEϩi ͑ arbitrarily small͒ is a complex energy, and H C is the Hamiltonian matrix of the conductor region. In the present work, the self-energies are conveniently computed using the surface Green's function matching theory 30 and an efficient, iterative transfer matrix procedure. 26, 27 In order to isolate the effect of the contacts with the metallic leads from the intrinsic properties of the junction, two separated systems are considered. In both systems, the central part is made of a Y-junction composed of three finite ͑10,0͒ nanotube branches ͓Fig. 1͑a͒, inset͔. In system I, the nanotube branches are seamlessly extended by three semiinfinite ͑10,0͒ nanotubes, acting as leads. In system II, the leads consist of semi-infinite metallic electrodes ͑Ni͒, as in Ref. 22 . The corresponding coefficients of transmission through any two of the three branches are plotted in Figs. 1 and 2, left panels. As a reference, the same calculations are performed on a single ͑10,0͒ carbon nanotube ͑Figs. 1 and 2, right panels͒. The transmission of electrons through system I looks much like the one of a pure ͑10,0͒ nanotube, except for a factor of about 2, which is due to the almost even splitting between the branches. 31 No important asymmetry is observed, as expected for undoped semiconductors.
However, the metal-terminated Y-junction displays a strongly asymmetric conductance curve ͓Fig. 2͑a͔͒. Note that the same effect is also observed in the metal-terminated perfect nanotube ͓Fig. 2͑b͔͒, which demonstrates that the rectification originates from the presence of interfaces between the ''nanodevice'' and the metallic leads, as shown subsequently.
Although Fig. 1 shows conclusively that a perfect nanotube-terminated junction does not display a rectifying behavior, it is important to understand the origin of the asymmetry that appears in the transmission curves when the system is connected to metallic leads. To this end, LDOS along both Y-systems have been computed and plotted in Fig. 3 . The curves represented in Fig. 3 are averaged over circular sections perpendicular to the axes of the branches, typically over 20 sites, except at the joint, where the number of atoms increases to 26. The averaged LDOS of System I ͓Fig. 3͑a͔͒ resembles the one of an infinite ͑10,0͒ nanotube, aside from resonance donor peaks associated with the six heptagons located at the joint. The intensity of the resonance peaks decreases rapidly along each arm of the junction, when moving from the center of the junction ͑top͒ towards the semi-infinite terminal ͑bottom͒. For the metal-junction interface, however, a large number of peaks are observed in the positive energy window ͓Fig. 3͑b͔͒. These states can be regarded as scattering states, which correspond to nontransmitting elec- trons. The transmission of electrons through the interface is therefore hindered for positive energy values, leading to a drastic reduction of the conductance. Since these scattering states only affect positive energy values while leaving the negative window basically untouched, they lead to potentially asymmetric I -V characteristics. 32 Our results are consistent with previous theoretical investigations of carbon nanotube devices, which can be understood in terms of the formation of Schottky barriers at the interfaces of nanotube heterojunctions, provided that doping is present in the system. 33, 34 Furthermore, it has been shown recently by Heinze et al. 35 that carbon-nanotube-based fieldeffect transistors operate as ''Schottky barrier transistors,'' in which modulation of resistance at the contact plays the primary role in switching, rather than the channel conductance.
One should mention that a completely quantitative description of the interface between the nanotube channel and the metallic leads requires a fully self-consistent approach, which takes into account charge transfer and band alignment, 36 and that only qualitative information concerning the lead-channel interface can be obtained within the current non-self-consistent approach.
In summary, we have shown that the rectifying behavior of carbon nanotube Y-junctions is not an intrinsic property of the branching, but is solely due to the properties of the interfaces between the nanotube branches and the metallic leads. The rectification arises from scattering by the interfacial states, which are closely related to the creation of Schottky barriers at the metal-nanotube contacts. The magnitude of the Schottky barrier strongly depends upon the detailed atomic geometry of the contact. An intrinsic, carbonnanotube-terminated Y-junction does not display an asymmetric conductance spectrum, but behaves as a junction between undoped semiconductors. Similar behaviors are expected for any three-terminal carbon-nanotube systems, including nonsymmetric Y-and T-junctions.
